Global models predict that new particle formation (NPF) is, in some environments, 23 responsible for a substantial fraction of the total atmospheric particle number concentration 24 and subsequently contribute significantly to cloud condensation nuclei (CCN) concentrations. 25 NPF events were frequently observed at the highest atmospheric observatory in the world, 26
During the last few years, several global model investigations were dedicated to the study of 1 the CCN-size aerosol production attributed to atmospheric NPF (Makkonen et stations in the frame of the EUCAARI project. Reddington and co-workers found that CCN-13 sized particle concentrations in the BL were mainly driven by processes other than NPF, 14 which contributed significantly to the CCN budget at little less than a quarter of observational 15 sites included in the study. 16 However, observations to validate these predictions are scarce, especially for the FT, where 17 measurements are often technically challenging. In this context, the purpose of the present 18 study is to estimate the contribution of NPF to CCN formation at the station of Chacaltaya 19 (5240 m a.s.l., Bolivia) with a special attention in differentiating the CCN number 20 concentrations attributed to NPF occurring at the station from those attributed to particle 21 transport to the site. This analysis was performed using an indirect method based on the NPF 22 event classification previously reported by Rose et al. (2015) and particle number size 23 distribution measurements in the range 10-500 nm. In addition to global CCN number 24 concentrations, a more detailed analysis of NPF and subsequent CCN production in the BL or 25 in the FT is also reported. 26
Measurements and methods 27

Observation site and instruments 28
Aerosol particle number size distributions, together with routine meteorological parameters, 29
were measured at the Chacaltaya GAW station, located in a range of the Bolivian Andes at the 30 Spectrometer (NAIS, Airel Ltd., Mirme and Mirme, 2013) . The NAIS sampled the ambient 5 aerosol through an individual non-heated short inlet (~ 50 cm) with a 5 minute time 6 resolution. Since the NAIS was likely to overestimate particle number concentrations above 7 20 nm (Manninen et al., 2016) , particles in the range from 20 nm to CCN relevant sizes were 8 preferentially measured using a mobility particle size spectrometer type TROPOS-SMPS 9 (Wiedensohler et al., 2012) . The SMPS operated behind a Whole Air Inlet equipped with an 10 automatic dryer . 11 More details on the measurement site as well as the instrumental setup and the data quality 12 assurance can be found in Rose et al. (2015) and Andrade et al. (2015) . is depicted on Fig. 1 . 7
In addition to this first analysis classically used in the literature (that will be used in Section 8 3.1.1), further calculations are needed to take into consideration the geographical specificity 9 of the site. Indeed, if NPF contributes to the formation of potential new CCN, particles 10 transported to the site by diurnal forced or heat convection might also, in parallel, lead to an 11 apparent increase of the CCN number concentration. Thus, the CCN number concentrations 12 estimated using the methodology previously described, and attributed to NPF in a first 13 approach, might in fact result from both NPF and transport. The transport of particles to the 14 site is taken into account in Section 3.1.2., based on the hypothesis that similar number 15 concentrations of particles are transported to the site on event and non-event days. The 16 contribution of NPF to the production of new CCN was thus estimated from the difference 17 between the median CCN increases obtained on event (contributions from NPF and transport) 18 and non-event days (transport only). The hypothesis that the specific environmental 19 conditions on which NPF occurs are not favouring the transport from lower atmospheric 20 layers is not necessarily true, as NPF events were favoured during clear sky conditions (Rose 21 et al. 2015) . Thus there is likely a bias towards an underestimation of transport from lower 22 atmospheric layers due to the fact that cloudy days are over-represented for non-event days. 23
This likely leads to an overestimation of the contribution of NPF to CCN number 24 concentrations. Nevertheless, this correction was never applied in the past, and certainly helps 25 approaching a more realistic view of the real contribution of NPF to CCN number 26
concentrations. 27
It is worth noticing that this indirect method based on particle size only provides estimations 28 of potential CCN concentrations instead of real concentrations as measured by CCN chambers 29 (Roberts and Nenes, 2005 contribution from NPF events triggered the day before were rejected. Regarding this aspect, 4 our analysis is thus a lower limit of the contribution of NPF to CCN-size relevant aerosol 5 concentrations. 6
Method to assess the influence of the boundary layer in Chacaltaya 7
In order to assess whether the site is under the influence of the planetary boundary layer or the 8 low free troposphere we employed the hourly-averaged value of the standard deviation of the 9 horizontal wind direction (σ θ ). Obtained hourly dataset is then checked for consistency, in particular with black carbon 18 measurements, and the following smoothing is applied. We establish a 4-hour window (2h 19 before and 2h after the data point of interest) into which the following criteria are applied: 20
 If the σ θ value is lower than 12.5 (classified as FT), but if it is the only data point in 21 the 4-hour window, it is not considered as FT and it is reclassified as an IL point 22 instead. 23
 If the σ θ value is lower than 18 and 75% of the points in the 4-hour window are lower 24 than 12.5, the point is classified as a FT point (stable). 25 Over the whole year, 61% of the studied NPF events were observed to grow to CCN-relevant 13 sizes, and it is worth noticing that at Chacaltaya, when particles reached the lowest activation 14 diameter, i.e. 50 nm, they systematically grew up to at least 100 nm. During the wet season, 15 the frequency of aerosol particles originating from NPF event and reaching CCN sizes was 16 higher compared to the dry season (79 % and 56%, respectively). This last observation can be 17 ascribed to the larger growth rates which were detected during the wet season, being on 18 average enhanced by a factor 1.7 compared to the dry season (Rose et al., 2015) . 19 The results reported by Asmi et al. (2011) for Pallas (560 m a.s.l., Finland) using similar 20 methodology slightly contrast with these observations. Indeed, the ability of NPF particles to 21 contribute to the CCN number concentration showed a seasonal variation but also decreased 22 with increasing activation diameter. This might be explained by a decreasing availability of 23 condensing vapours over the course of the particle growth time period. At Chacaltaya, the 24 availability of condensing gases appears to increase over a large time period, sometimes 25 reaching concentrations that trigger a second (and third) nucleation event during the same 26 day, in spite of the raising condensable sink due to the first nucleation event (Rose et al. 27 2015) . Coagulation processes however lead to a decrease of CCN low compared to CCN high . 28 This is illustrated on Figure 2 .a, which shows, for the three threshold sizes and for each 29 season, the median CCN concentration increase observed during NPF events and calculated 30 as the difference between N max and N init . Considering all type I event days over the whole 31 Corresponding relative increases in CCN number concentration were calculated as the ratio of 5 the absolute increases previously reported over N init , i.e. the 30 min average CCN number 6 concentration measured when nucleated particles initially reach the threshold sizes (Fig. 2.b) . 7 NPF events were found to increase CCN concentrations by 168 to 996% at Chacaltaya, with 8 no clear differences between seasons or threshold sizes. 9
One should note that when several consecutive type I events were detected on a same day 10 (this occurred on 7 occasions), it was complex to extract the contribution of each individual 11 event, so the calculated CCN production was the result of the contribution of all events as a 12 whole. During multiple events days, the median number concentration of CCN produced was 13 on average 1.7 times higher compared to single type I event days. 14 As previously mentioned, similar methodology was used in previous studies to evaluate the 15 contribution of NPF to the CCN concentration. The average absolute CCN production from 16 NPF events at Chacaltaya is lower compared to that reported by Laaksonen et CCN concentrations found in the literature are always larger than 100% but never exceed 28 400%, being thus on average significantly lower than those observed at Chacaltaya. However, 29 it is worth noticing that these contrasting results may arise from the various conditions that 30 are found at the different stations, especially regarding altitude and pollution levels, thus 31 influencing NPF both in terms of strength, spatial extend and temporal evolution. 32 However, as previously mentioned, the vertical transport of aerosol particles from lower 7 atmospheric levels that takes place after the onset of sunrise concurrently to NPF may 8 represent a significant contribution to the increase of CCN-relevant size particle number 9 concentrations at these mountain sites. This aspect will be addressed in the next section, in 10 which the contribution of NPF is further compared with the CCN number concentration 11 increase resulting from the transport of particles to the site. 12
The seasonal and annual CCN productions due to NPF events were estimated from 1) the 13 average fraction of type I NPF events contributing to the formation of new CCN reported 14 above, 2) the frequency of occurrence of type I NPF events at the site and 3) the average CCN 15 number concentration increase measured for those type I events during which newly formed 16 particles reached the potential CCN activation diameter. As an example, the CCN high 17 production during the wet season was calculated as follows: 18 The number concentration of CCN transported to the site was calculated using the particle 6 number size distributions recorded on non-event days. These conditions were fulfilled on 108 7 days (23 and 85 during the dry and wet season respectively) but only 78 of them (22 from respectively, compared to median concentrations attributed to transport which do not exceed 24 690, 404 and 321 cm -3 . 25
As expected, these revised NPF contributions are decreased compared to the values reported 26 on Fig. 2 .a. As a consequence, the corrected seasonal and annual CCN productions ascribed to 27 NPF and reported in Table 2 are also decreased compared to the values shown in Table 1 The purpose of this section is to further investigate NPF in terms of occurrence, event type 3 and characteristics (particle formation and growth rate) regarding the location of the station in 4 the tropospheric layers (i.e. BL, FT or IL) at the onset of the NPF process. The classification 5 of air mass types into BL, IL and FT was obtained using the Pasquill-Gifford method, which 6 uses the turbulence from the standard deviation of wind direction (Section 2.2). 7 389 NPF events previously discussed by Rose et al. (2015) were included in this analysis. For 8 each event, the air mass type (BL, IL or FT) prevailing at the station was investigated on an 9
hourly basis during the first steps of the NPF process, i.e. from the appearance of the newly 10 formed clusters (< 3nm) to the time at which the concentration of 3-7 nm particles was 11 maximum. Various scenarios were observed during this part of the NPF process, which on 12 average lasted for 2.7±1.3 hours. These scenarios are listed, together with their frequency of 13 occurrence, in Table 3 . Scenarios S1-S3 refer to those days when the initial steps of the NPF 14 process were observed to occur in the same atmospheric layer (respectively in the BL, in the 15 IL and in the FT). In contrast, scenarios S4 -S9 depict the situations when BL dynamics lead 16 to changing conditions in the course of the event, with a gradual evolution from BL to FT (S7 17 -S9) or vice versa (S4 -S6). S10 refers to events occurring in conditions changing randomly. 18
Since multiple events were frequently detected at Chacaltaya, additional information 19 regarding the occurrence of the scenarios as a function of the event position (first event, 20 second event, third and following events) is also provided. For that purpose, single events and 21 events occurring first on multiple event days were considered all together, while second and 22 following events were considered in a second category. There was no information available 23 regarding the classification into BL, IL and FT for 15 events. Among the multiple events days, 48 displayed consecutive events associated to scenarios 5 evolving in agreement with the BL dynamics shown on Fig. 4 . The sequence S6-S1 was the 6 most frequent, observed on 23 days, following by the sequences S7-S1 (10 days) and S5-S1 7 (5 days). A unique sequence including three events was detected (S3-S6-S1). 8 NPF frequencies in the FT and in the BL were also deduced from the previous classification. 9
For that purpose, the analysis was focused on the time period 08:00 -12:00 (Local), which 10 includes the most probable nucleation hours (Rose et al., 2015) . 72 days (including both 11 event, non-event an undefined days) were rejected from the analysis because of missing 12 information regarding the location of the station in the tropospheric layers. Free tropospheric 13 conditions were detected during at least one hour on 122 days, and among these days, 48 14
showed NPF events initiated in the FT, leading to a NPF frequency of 39%. In contrast, the 15 station laid in the BL during at least one hour on 248 days, and among these days, 119 16 showed events starting in the BL, leading to a NPF frequency of 48%. 17 independently from one another, we found that type I events were predominant when 25 changing conditions were detected (S4, S5 and S6), whereas they displayed similar 26 probabilities of occurrence as other event types in constant free tropospheric conditions (S3). 27 This observation suggests that the probability for type I events to occur is increased when 28 initial free tropospheric conditions are changing in the course of the events. This could be 29 explained by favorable conditions for the onset of nucleation events, followed by increased 30 input of condensable species from the BL promoting particle growth. However, this 31 hypothesis must be considered with caution regarding the limited number of events occurring 32 (S2 and S7, 29 events) , however, almost 50% of them (14 events) belong 2 to class I. Most of the remaining events occur under scenario S1, in the BL, with comparable 3 number of events belonging to class I and II (87 and 91 events, thus representing 40 and 42% 4 of scenario S1, respectively). 5
Event type and characteristics
In order to further characterize the NPF events in the different atmospheric layers, statistics 6 regarding the formation rate of 2 nm particle and the growth rate (GR) in the size range 1-3 7 nm as a function of the scenarios were performed for type I events. As reported on Fig. 6,  8 NPF events initiated in the FT or at the interface between the BL and the FT show similar 9 particle formation and growth rates. Increased values are on average reported in the BL, with 10 higher variability, especially for the GR. Additional analysis was performed to investigate the 11 correlation between the GR in the size range 3-7 nm and the location of the station at the end 12 of the scenarios. However, because of an insufficient number of values for events occurring 13 under scenarios ending in the FT (scenarios S3 and S9, 4 values), these results will not be 14 further discussed. 15 We have shown so far that while higher NPF frequencies where found in the BL compared to 16 the FT, higher probabilities for type I events to occur were associated to scenarios starting in 17 the FT and ending in the BL or IL. However, when events belonging to class I are initiated in 18 the BL, they show on average higher particle formation and growth rates compared to those 19 started in the FT. Thus it is likely that on the one hand, higher amounts of gaseous precursors 20 usually associated with the BL could favor nucleation events of higher intensity and explain 21 both higher NPF frequencies and enhanced particle formation and growth rates. On the other 22 hand, cleaner conditions found in the FT at the very beginning of the NPF process may reduce 23 the sink for the newly formed clusters and favor their growth to larger sizes. This observation 24
suggests that the amount of condensable species could directly influence the occurrence of the 25 NPF process and determine the particle growth rate while the occurrence of the growth 26 process itself could rather depend on the strength of the particle sink. Overall, the difference 27 of occurrence frequency, nucleation rates and GR between FT and BL are not very large, and 28 we show that nucleation is initiated in the FT with a rather high frequency. 29
The purpose of the next section is now to investigate the impact of these NPF events on the 30 CCN number concentration in each of the atmospheric layers. frequency of CCN production from NPF was 67% in the BL, being slightly higher compared 10 to the FT (56%). 11
The number concentration of CCN formed during an event was also analyzed as a function of 12 the air mass type (BL, IL, or FT) prevailing at the station (Table 4) . Using the three threshold 13 sizes, median CCN productions were comparable for events initiated in the BL and in the FT. 14 In contrast, the third quartiles of CCN med and CCN low were higher for the events initiated in 15 the FT. 16
The fact that the contribution of NPF to the formation of new CCN was more frequently 17 observed for events initiated in the BL might be explained by faster particle growths sustained 18 by higher amounts of condensable material, thus increasing the chances for particles to reach 19 CCN sizes. The tendency for CCN med and CCN low to reach higher values when the NPF 20 process was started in the FT can be due to smaller initial concentrations prior to the NPF 21 event, and thus weaker coagulation associated to less polluted conditions in the FT. When segregating into BL and FT air masses sampled at the site, we found slightly higher 5 NPF frequency in the BL (48%) but still an important frequency of occurrence in the FT 6 (nucleation frequency of 39%). This observation is, to our knowledge, the first of its kind. 7
Particle growth was more frequently observed for events initiated in the FT but was on 8 average faster for events started in the BL, most probably because of increased amounts of 9 condensable vapours. As a result, the chance for particles to grow up to potential CCN 10 activation diameters was higher when the NPF process occurred in the BL. In contrast, the 11 impact of NPF initiated in the FT on CCN number concentrations was higher than for NPF 12 initiated in the BL, most likely because of the decreased pollution levels and weaker 13 coagulation sink. The previous observations clearly highlight the competition that exists 14 between particle growth and their removal by coagulation processes on pre-existing particles, 15 and thus the complex balance between sources and sinks that is required to observe the 16 formation of new particles and their subsequent growth to climate relevant sizes. Such Andrade, M., Zaratti, F., Forno, R., Gutiérrez, R., Moreno, I., Velarde, F., Ávila, F., Roca, M., 29 Sánchez, M. F., Laj, P., Jaffrezo, J. L., Ginot, P., Sellegri, K., Ramonet, M., Laurent, O., 30 Weinhold, K., Wiedensohler, A., Krejci, R., Bonasoni, P., Cristofanelli, P., Whiteman, D., 31 
